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VIRTUAL TRACKS FOR REPEATABLE RUNOUT COMPENSATION 

CROSS-REFERENCE TO RELATED APPLICATION 
This application claims the benefit of U.S. Provisional Patent 
Application No. 60/170,240, entitled "VIRTUAL TRACKS FOR 
REPEATABLE RUNOUT (RRO) MANAGEMENT," filed on December 10, 
1999, and U.S. Provisional Patent Application No. 60/198,166, entitled 
"ECCENTRIC SERVO TRACK REFERENCING," filed on April 17, 2000. 



FIELD OF THE INVENTION 
The present invention is related to servo systems used to control a 
position of a head relative to a disc. In particular, the present invention provides 
compensation for large repeatable runout caused by eccentricity between pre- 
15 written servo tracks and an axis of rotation of the disc. 

BACKGROUND OF THE INVENTION 
Magnetic discs are used in disc drive storage systems for storing digital 
data and in spin-stands as components on which transducing heads are tested. 
Disc drives are commonly used in work stations, personal computers, laptops 
20 and other computer systems to store large amounts of data on one or more 

magnetic discs in a form that can be made readily available to a user. The discs 
are mounted to a spindle motor which rotates the discs at a high speed about an 
axis. An actuator assembly supports and positions an array of transducing heads 
over surfaces of the discs to write information to or read information from the 
25 discs. 

Spin-stands are devices that are used to test transducing heads before 
they are placed in a disc drive. As in a disc drive, a spin-stand includes a disc 
that is mounted to a spindle motor which rotates the disc at a high rate of speed 
about an axis. Also, the spin-stand includes an actuator assembly that supports 
30 the head over the disc surface and moves the head to a desired location. The 
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spin-stand allows a series of tests to be performed on the transducing head 
including, for example, error-rate testing, pulse width-fifty testing, track average 
amplitude testing, and track scan testing. 

The discs used in disc drives and spin-stands generally include circular 
5 data tracks which extend circumferentially around each disc. These data tracks 
are defined by radially extending servo tracks that contain servo information. 
The servo information defines the boundaries and centerlines of each of the 
tracks. 

Disc drives, and more recently spin-stands, utilize servo systems to 

10 control the position of a head relative to the data tracks using the servo 

information. As a head moves over a surface of a disc, the head reads the servo 
information and produces an output signal that indicates its position relative to 
the servo tracks. The output signal is demodulated and compared with a 
reference position signal relating to a desired head position to produce a position 

15 error signal (PES). The PES is provided to a servo controller that produces a 
control signal which is used to control an actuator mechanisms of the disc drive 
or spin-stand to move the head toward the desired position or data track. Once 
the head is positioned over the desired data track, the servo system allows the 
head to follow the track using the servo information. 

20 The servo tracks are typically written after the discs have been installed 

in a disc drive or spin-stand with a servo track writer. These "post- written" 
tracks are substantially concentric with the axis of rotation of the disc on which 
they are written, since the axis of rotation remains constant from when the servo 
information is written to when the servo information is used to perform track 

25 following. However, uncontrolled factors such as bearing tolerances, spindle 
resonances, and the like, tend to introduce errors in the location of the servo 
information. As a result, each track is typically not perfectly concentric with the 
axis of rotation of the disc, but rather exhibits certain random, repeatable 
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variations which are sometimes referred to as repeatable runout (RRO). This 
slight misalignment is exhibited in a periodic PES. 

There is a continuing trend in the disc drive industry to provide 
successive generations of disc drive products with ever increasing data storage 

5 capacities and data transfer rates. Because the amount of disc surface available 
for the recording of data remains substantially constant (or even decreases as 
disc drive form factors become smaller), substantial advancements in areal 
recording densities, both in terms of the number of bits that can be recorded on 
each track as well as the number of tracks on each disc (measured as tracks per 

10 inch or TPI), are continually being made in order to facilitate such increases in 
data capacity. One way to improve storage capacities is to improve the writing 
of the servo patterns on the discs. To this end, servo information is written on 
the discs prior to their installation in a disc drive or on a spin-stand using highly 
precise servo writers. 

15 Although these "pre-written" tracks can result in an increase in the TPI 

of the disc, large RRO will result due to large eccentricity between the data 
tracks and the axis of rotation of the disc. This eccentricity primarily stems from 
the re-mounting of the disc to the spindle motor of the disc drive or spin-stand. 
In addition, the RRO that affects disc drives and spin-stands using post- written 

20 discs will also be present when these pre-written discs are used. However, the 
RRO correction methods mentioned above are not suitable for compensating a 
PES corresponding to the large RRO resulting from the use of discs having pre- 
written servo tracks. This is due, in part, to the large sinusoidal current that 
would have to be injected into the PES to compensate the large adjustments to 

25 the position of the head that would be necessary to follow a particular data track 
as defined by the pre-written servo tracks. 

The present invention addresses these and other problems, and offers 
other advantages over the prior art. 
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SUMMARY OF THE INVENTION 

5 The present invention relates to repeatable runout (RRO) compensation 

of servo control systems used in disc drives and spin-stands. One embodiment of 
the invention is directed toward a servo control loop that includes compensation 
circuitry having a compensation signal that is generated based upon a 
compensation equation. The compensation signal represents RRO caused by 

10 eccentricity between pre- written servo tracks and an axis of rotation of a disc on 
which they are written. The compensation signal is injected into the servo 
control loop to compensate the RRO. 

Another embodiment of the invention is directed toward a method of 
compensating RRO in a servo control loop that is related to eccentricity between 

15 pre- written servo tracks on a disc and a path followed by a head that is 

concentric with an axis of rotation of the disc. In the method a compensation 
equation is formed that represents the RRO. A compensation signal is generated 
based upon the compensation signal. The compensation signal is injected into 
the servo control loop to cancel the RRO and cause the head to follow a virtual 

20 track that is concentric with the axis of rotation of a disc. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a plan view of a disc drive in accordance with an embodiment 
of the invention. 

25 FIG. 1.1 is a perspective view of a portion of a disc drive in accordance 

with an embodiment of the invention. 

FIG. 2 is a perspective view of a spin-stand in accordance with an 
embodiment of the invention. 
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FIG. 3 is a plan view of a suspension assembly in accordance with an 
embodiment of the invention. 

FIG. 4 is a representation of a plurality of servo sectors or wedges on a 
portion of a disc that can be used in a disc drive or spin-stand. 
5 FIG. 5 shows a portion of a data track on the disc as defined by the servo 

tracks. 

FIG. 6 is a simplified block diagram of a servo control loop that can be 
used with a disc drive or a spin-stand. 

FIG. 7 is a simplified illustration of a disc showing eccentricity between 
10 pre-written servo tracks and an axis of rotation of the disc. 

FIG. 8 is a servo control loop for use in a disc drive or a spin-stand in 
accordance with an embodiment of the invention. 

FIG. 9 is a flowchart illustrating a method of compensating large RRO in 
a servo control loop in accordance with an embodiment of the invention. 
15 FIG. 10 is a flowchart illustrating of a method of forming a 

compensation equation in accordance with an embodiment of the invention. 

FIG. 1 1 is a flowchart illustrating a method of compensating a servo 
control loop of a disc drive in accordance with an embodiment of the invention. 

20 DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

The present invention relates to compensation of servo control systems 
used in disc drives and spin-stands for large repeatable runout (RRO). The large 
RRO results from pre-written servo tracks which define data tracks that are 
eccentric to an axis of rotation of the disc on which they are written. The present 

25 invention overcomes problems presented by the large RRO by compensating the 
servo control loop to control a transducing head to follow "virtual" tracks which 
coincide with the axis of rotation of the disc, but are eccentric to the "real" data 
tracks defined by the pre-written servo tracks. Consequently, the present 
invention allows a disc drive or a spin-stand to utilize discs having pre-written 
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servo patterns, which can result in an increase in storage capacity and better 
testing of transducing heads and their supporting mechanisms. 

FIG. 1 shows a top plan view of a disc drive 100 with which aspects of 
the present invention may be used. Disc drive 100 includes a housing with a 

5 base plate 102 to which various disc drive components are mounted. A cover 
(not shown) generally attaches to base plate 102 to form a sealed environment 
for the disc drive component. Discs 106 are attached to spindle 104 using clamp 
108. Each disc 106 includes servo patterns used to define data tracks, which 
were written prior to the installation of discs 106 on spindle 104. A spindle 

10 motor (not shown) is adapted to rotate spindle 104 and discs 106 at a desired 
speed. 

Actuator assembly 1 10 is mounted to base plate 102 for rotation about a 
cartridge bearing assembly 112. Actuator assembly 1 J 0 is adapted to rotate in 
response to a control current supplied to coil 1 13 of voice coil motor 114. 

15 Actuator assembly 1 1 0 typically includes a plurality of rigid track accessing 

arms 116 which extend into the stack of discs 1 06, as shown in FIG. 1.1. Each of 
the arms 116 includes an associated flexible suspension assembly 118 extending 
therefrom. Transducing heads 120 are fixed to each of the suspension assemblies 
118. In a typical disc drive 100, there is one head per disc surface, but for 

20 purposes of clarity, only two heads 120.1 and 120.2 are shown in FIG. 1.1. 
Heads 120 each include a transducer that magnetically interacts with the disc 
recording surfaces, and a slider assembly that supports the head 120 upon an air 
bearing established by wind currents set up by the high speed rotation of disc 
106. A latch assembly 122 can be used to secure actuator assembly 110 when 

25 disc drive 100 is deactivated. Flex circuit assembly 124 enables heads 120 and 
coil 1 13 to electrically communicate with disc drive control circuitry (not 
shown) on a printed circuit board mounted to the under side of base plate 1 02. 

FIG. 2 is a perspective view of an example of a spin-stand 130 in which 
the large RRO compensation provided by the present invention can be used. 
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Components in FIG. 2 which are the same or similar to the components 
identified with reference to disc drive 100 (FIG. 1) are identified by the same 
numbers in FIG. 2. Spin-stand 130 includes a disc 106 which is mounted on 
spindle 104 and rotated by spindle motor 132. Spindle motor 132 rests on 
5 platform 134 which moves between guide rails 136 and 138. Platform 134 can 
be supported by a cushion of air during movement and can be stabilized in a 
D particular position by the application of a vacuum between platform 1 34 and 

C\ granite face 140 located directly below platform 134. For purposes of reference, 

f** movement of platform 134 along guide rails 136 and 138 is considered to be in 

3 £ 10 the "X" direction as shown by arrows 142. A position encoder 144 can be 

?f located, for example, along guide 136 to provide an indication of the position of 

s platform 134. 

hi Spin-stand 130 also includes a carriage 146 that moves between rails 148 

and 1 50 in the "Y" direction as indicated by arrows 1 52. Similar to platform 

U 15 134, carriage 146 can be supported by a cushion of air during movement and can 

be locked into position by applying a vacuum between carriage 146 and granite 
base 140. A position encoder 154 can be located, for example, along guide 150 
to provide an indication of the position of carriage 146. 

Carriage 146 and platform 134 both move using electromotive motors 
20 mounted between one of the guide rails and the respective platform or carriage. 
Other types of motors, such as a stepper motor, may be used in place of the 
electromotive motors. These motors generally perform coarse adjustment of a 
suspension assembly 118, which is connected to a suspension chuck 156 and 
supports a transducing head 120 proximate a surface of disc 106. In one 
25 embodiment, suspension chuck 1 56 is connected to piezo platform 158 through 
piezo elements that are able to move suspension chuck 156, generally in the "X" 
direction 142, to perform fine adjustment of transducing head 120 relative to 
disc 106. 
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During head loading operations, pivot motor 1 60 rotates eccentric cam 
162 causing lever arm 164 and the back end of pivoting platform 166 to rotate 
upward about pivot pins 168 and 170. Carriage 146 can be moved forward so 
that transducing head 120, carried at the end of suspension assembly 118, moves 

5 under the spinning disc 106. Support platform 134 is also moved so that the 
head 120 is positioned at a desired radius along discs 106. When head 120 nears 
the desired location relative to discs 106, motor 160 rotates eccentric cam 162 
back so that pivoting platform 1 66 returns to its level position and the head is 
brought into proximity with discs 106 so that head 120 can fly over the surface 

10 of discs 106. 

Head 120 on suspension assembly 1 18 is connected by electrical leads to 
printed circuit 172, which has further connections to control box 174. Control 
circuitry, which is either part of circuit 172 or contained in control box 174, is 
used to control the positioning of head 120 on suspension assembly 118, The 

15 control circuitry for spin-stand 130 can be adapted to move head 120 to a test 
track on disc 1 06 which data is to be read from or written to. Additionally, the 
position of head 120 can be adjusted by the control circuitry to move head 120 
to a number of different locations within the test track during readback, so that a 
profile of head 120 can be determined. Additional circuitry can be used to 

20 control the tests that are performed by spin-stand 130, such as error-rate testing, 
pulse width-fifty testing, track average amplitude testing, and track scan testing, 
all of which are familiar to those skilled in the art. 

One embodiment of suspension assembly 1 18, is shown in FIG. 3. 
Suspension assembly 118 generally includes load beam 176 and gimbal 178. 

25 Load beam 176 has a mounting portion 1 80 for connecting suspension assembly 
1 18 to a track accessing arm 1 16 or suspension chuck 156. Flexible beam 
portion 182 applies a pre-load force to head 120 through rigid beam section 184 
to limit the flying height of head 120. Flexible beam portion 182 can also 
include microactuators 186 and 188 to provide precise control to the position of 
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head 120. In one embodiment, microactuators 186 and 188 are capable of 
contracting or expanding depending on a voltage applied by respective 
conducting lines 190, 192, 194, and 196 for fine control of the position of head 
120. Microactuator 186 can contract while microactuator 188 expands to move 

5 head 120 in direction 198. Likewise, microactuator 188 can contract while 

microactuator 186 expands to move head 120 in direction 200. Alternative types 
and configurations of microactuators may be used along suspensions 118 and 
194 as is understood by those skilled in the art. For example, multiple 
microactuators may be used within the same suspension assembly with their 

10 movement coordinated by the control circuitry for disc drive 1 00 and spin-stand 
130. 

Discs 106 used in disc drive 100 and spin-stand 130 include servo 
patterns which can be used to establish data tracks on disc 106 and control the 
position of head 120 relative to disc 106. The servo patterns are typically written 

15 to a surface of the disc 106 in a plurality of radially extending servo sectors 202, 
as shown in the portion of a disc 1 06 shown in FIG. 4. Each of the servo sector 
202 contains servo information that is stored in various servo fields. The servo 
information identifies the location of "real" data or servo tracks, such as servo 
track 204, by a track number or track ID. Tracks 204 are typically sequentially 

20 numbered in accordance with their radial position where track zero is located 
adjacent an inner diameter (ID) of disc 106 and a last track is located adjacent an 
outer diameter (OD) of disc 106. An example of a portion of a data track 204, 
shown in FIG. 5, includes data areas 206, interspersed between servo sectors 
202, in which user data can be stored in a conventional manner. 

25 In addition, the servo information includes servo track identifying 

information in the form of an index sector 207 which can be used to determine a 
relative angular position of the servo track. Consequently, the servo information 
provides coarse position information in terms of a track number (radial position) 
and an index sector 207 (angular position). Additionally, the servo sectors 202 
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can provide fine position information using known patterns, such as a split-burst 
servo pattern or a null-type servo pattern to indicate the location of a head 120 
relative to a center of a given data track 204. 

A servo control loop provides control of the position of head 120 relative 

5 to servo tracks 204 using the servo information and can be configured to carry 
out two main types of servo operation: seeking and track following. During a 
typical seek, a head 120 is moved from an initial track to a destination track on 
the corresponding disc 106. A velocity profile is formulated indicative of a 
target velocity trajectory for the head 120, with current being applied to the coil 

10 1 13 to first accelerate and then decelerate the head 120 toward the destination 
track in accordance with the velocity profile. To maintain the trajectory of the 
head 120, the current is successively adjusted in relation to the difference 
between the actual velocity and the target velocity of the head 120. 

During a track following mode of operation, the head 120 is caused to 

15 follow a corresponding selected data track 204 on the disc 1 06. The servo 

information from the track being followed is periodically sampled and provided 
to a servo controller, which controls the actuator mechanisms used to control the 
position of head 120 in order to maintain head 120 in a desired relationship to 
the data track 204. 

20 FIG, 6 shows a simplified block diagram of a servo control loop 208, 

which could be used with disc drive 100 and spin-stand 130 to control the 
position of head 120 relative to the servo tracks 204 (FIG. 4). Servo control loop 
208 includes servo controller 210, head/disc assembly (HDA or "plant") 212, 
demodulator 214, and summing junction 216. HDA 212 generally includes the 

25 actuator mechanisms of disc drive 100 or spin-stand 130 that are used to adjust 
the position of head 120. Thus, for disc drive 100, the actuator mechanisms 
include voice coil motor 1 14 and/or microactuators 186 and 188 of suspension 
assembly 1 18, as shown in FIGS. 1 and 3. The actuator mechanisms for spin- 
stand 130 include the electromotive motors used to move platform 134 and 
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carriage 146, the piezo elements used to move suspension chuck 156, and/or 
microactuators 186 and 188 of suspension assembly 118, all of which are shown 
in FIGS. 2 and 3. 

As disc 106 is rotated, head 120 of HDA 212 periodically samples servo 

5 information contained in the servo sectors 202 and produces an output signal in 
response thereto on path 218. The servo information (coarse and fine position 
information) contained in the output signal is demodulated by demodulator 214 
and is presented as a head position signal on path 220. The head position signal 
is provided as an input to summing junction 216, which also receives a reference 

10 signal relating to a data track number from path 222 that is indicative of a 
desired position of head 120. Summing junction 216 compares the reference 
signal to the head position signal and produces a position error signal (PES) on 
path 224. The PES relates to a correction in the position of head 120 relative to 
data tracks 204 that is required to position the head 120 in accordance with 

15 location indicated by the reference signal. The PES is provided to servo 

controller 210, which responds by adjusting a control signal that is provided to 
HDA 212 along path 226. The control signal causes the actuator mechanisms of 
HDA 212 to adjust the position of head 120 toward the desired position. 

Traditionally, servo sectors 202 (FIG. 4) are written on disc 106 after 

20 the disc 106 is installed in a disc drive using a process called servo track writing. 
The process uses a servo writer that writes the servo information on the disc 
while it rotates on the spindle within the disc drive or on the spin-stand. These 
"post-written" servo tracks are typically concentric with the axis of rotation of 
the disc and the circular path that a head follows over the surface of disc 106. As 

25 a result, the path of a head 120 and the data tracks defined by these post- written 
servo tracks are substantially concentrically aligned. However, minor and 
somewhat random repeatable position errors in the servo control loop, known as 
written-in repeatable runout (RRO), still occur due to small misalignment 
between the center of track 204 and the circular path of head 120. This 
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misalignment occurs because the write head used to produce the servo tracks 
does not always follow a perfectly circular path due to unpredictable pressure 
effects on the write head from the aerodynamics of its flight over the disc, and 
from vibrations in the head. Consequently, a head that perfectly tracks a data 
5 track defined by the servo tracks will not follow a circular path. This RRO, 
however, can be compensated in the servo control loop using various known 
methods, which allow a head to follow the written-in data tracks. One such 
method is taught in U.S. Patent No. 6,069,764 by Morris et aL, which is 
assigned to the Assignee of the present invention. 

10 Unlike the prior art, the present invention focuses on compensation of 

RRO in a disc drive or spin-stand that is caused by the use of discs 106 having 
servo patterns 202 which were written on the discs 106 prior to their installation 
in a disc drive 100 or spin-stand 130. These "pre- written" servo patterns or 
sectors 202 make track-following operations more difficult due to substantial 

15 eccentricity between the "real" data tracks defined by the servo patterns and a 
circular path that a head follows. The present invention does not attempt to 
compensate the RRO to allow the servo control loop to better perform track- 
following operations. Rather, the compensation (or cancellation) of this large 
RRO is made to allow a head to follow "virtual" tracks, which are eccentric to 

20 servo tracks 204 while being substantially concentric with the axis of rotation of 
the disc 106 on which they are written. 

FIG. 7 is a simplified illustration of a disc 106 showing the above- 
described misalignment between data tracks 204 (only one shown) defined by 
pre-written servo sectors 202 and a path 228 that a head 120 follows as disc 106 

25 rotates. Data tracks 204 are concentric with a servo track axis 230 and path 228 
is concentric with axis of rotation 232 of disc 106. A large degree of eccentricity 
exists between data tracks 204 and path 228 due to the misalignment of servo 
track axis 230 and axis of rotation 232 when disc 106 is mounted to spindle 104 
of either disc drive 100 or spin-stand 130. This misalignment can be in the range 
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of 1000 micro-inches or more, which results in a periodic or sinusoidal RRO 
that has significantly larger displacement magnitudes than the small and 
somewhat random RRO associated with discs having post-written servo tracks. 
This substantial eccentricity between path 228 and tracks 204 makes the above- 
5 described traditional track-following operations impractical and, in some 

instances, impossible due to the large position changes of head 120 that would 
be required. 

As mentioned above, the present invention solves the above-described 
misalignment problem by establishing "virtual" tracks 234 (only one shown), 

10 which are substantially concentrically aligned with the circular path 228 and 
axis of rotation 232 of disc 106, as illustrated in FIG. 7. This is accomplished by 
compensating the servo control loop in a disc drive 100 or spin-stand 130 with a 
compensation signal that eliminates the position errors that would arise during 
track following operations due to the RRO and causes a head 120 to follow 

15 virtual tracks 234. One advantage of the present invention is that a significant 
amount of energy is conserved by following virtual tracks 234 rather than the 
written-in tracks. In addition to reducing power consumption, this can also 
extend the life of a disc drive and spin-stand. Furthermore, many spin-stands 
and, depending on the amount of RRO, disc drives, do not have a large enough 

20 actuation ability to physically track follow the large RRO. Consequently, 

another advantage of the present invention is that it allows these spin-stands and 
disc drives to use pre-written discs. 

To facilitate an understanding of the present invention, FIG. 8 has been 
provided as a conceptual representation of a servo control loop 236 during a 

25 track following mode of operation in a disc drive 100 or a spin-stand 130. Servo 
control loop 236 includes the general components found in servo control loop 
208 such as servo controller 210, head/disc assembly (HDA or "plant") 212, 
demodulator 214, and summing junction 216, as described above with reference 
to FIG. 6. In addition, servo control loop 236 of the present invention includes 
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compensation circuitry 238 which is adapted to inject a compensation signal into 
servo control loop 236 to provide compensation for the large RRO. The 
compensation signal is generated based upon a compensation equation that 
relates to the large RRO produced due to the eccentricity between the pre- 

5 written servo tracks 204 and the path 228 of head 120 or the axis of rotation 232 
of disc 106. The compensation signal is injected into servo control loop 236 
such that it cancels the position error caused by the large RRO thereby 
controlling head 120 to follow a virtual track 234 that is concentric with axis of 
rotation 232 of disc 106. 

10 In the embodiment depicted in Fig. 8 ? the compensation signal is injected 

along path 240 into summation junction 216 where it is subtracted from the 
difference between the reference signal and the head position signal which that 
are provided along paths 222 and 412, respectively. However, compensation 
circuitry 238 can be configured to inject the compensation signal anywhere 

15 along the servo control loop 236 to provide the desired compensation. For 

example, the compensation signal could be subtracted from the control signal in 
path 226, the output signal in path 21 8 ? or the reference signal in path 222. 
Alternatively, the compensation signal could be added to the head position 
signal in path 220 or used in servo controller 210, to provide the desired 

20 compensation to servo control loop 236. 

The compensation signal is a periodic signal that represents the RRO and 
has a period relating to integer multiples of the time for one revolution of disc 
106. In its basic form, the compensation signal has a period equal to the time for 
one revolution of disc 106. However, higher frequency components of the 

25 compensation signal can be included as well. The amplitude of the 

compensation signal varies with the angular position and relates to the radial 
position difference Ar between circular path 228 of head 120 and a reference 
data track 204 as defined by the pre- written servo information, as shown in FIG. 
7. 
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In one embodiment of the invention, the compensation signal is based 
upon a compensation equation, designated as C, that comprises discrete 
compensation values set as the radial position difference Ar measured at each 
servo sector 202, as shown in Equation 1. The subscript k represents the sector 

5 index 207 and N represents the number of sectors 202. The reference data track 
204 from which the radial position difference Ar is measured is preferably 
selected such that the compensation values represent only the RRO rather than 
the RRO plus a constant offset value. The resulting compensation equation can 
then be represented as a purely sinusoidal equation having only an periodic or 

10 AC component while lacking a constant or DC component. If desired, the values 
of the compensation equation between adjacent servo sectors can be obtained 
using known interpolation techniques. 



( Ar k ^ 

Ar^, 



c(k) = 



Ar, 



/c + 2 



i Ar 



Equation 1 

The compensation equation is preferably stored in memory of disc drive 
15 100 or spin-stand 130. The embodiment of the compensation equation 

represented in Equation 1 is preferably stored as a look-up table in memory 
where the compensation values Ar are indexed according to their corresponding 
servo track 202. For disc drive 100 the memory used to store the compensation 
equation is preferably flash memory, which can be accessed during power on 
20 conditions. In spin-stand 130, the memory used to store the compensation 
equation can be part of the control circuitry. 

FIG. 9 is a flowchart illustrating a method of the present invention of 
compensating a servo control loop used in either a disc drive 100 or a spin-stand 
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130 to control the position of a head 120. At step 244, a compensation equation 
is formed, which relates to a periodic component of RRO caused by eccentricity 
between pre-written servo tracks 204 and an axis of rotation 232 of disc 106 
(FIG, 7). At step 246, a compensation signal is generated based upon the 
5 compensation equation. Finally, at step 248, the compensation signal is injected 
into the servo control loop such that the RRO is cancelled, which causes the 
head 120 to follow virtual tracks 234 (FIG. 7) which are eccentric to the pre- 
written servo tracks 204 and are concentric to the axis of rotation 232 of disc 
106. 

10 The establishment of virtual tracks 234 on disc 106 also requires that a 

reference virtual track be established from which the other virtual tracks 234 are 
displaced. For example, the reference virtual track could be selected as a virtual 
track zero that is positioned adjacent inner diameter ID of disc 106 (FIG. 7). 
However, reference virtual track could also be located at other radial positions 

15 of disc 106. In addition, it is desirable to maximize the area of disc 106 on which 
virtual tracks 234 can be established to maximize the storage capacity of disc 
106. Here, it is preferable that a first virtual track positioned near inner diameter 
ID and a last virtual track be positioned as far apart as possible without having a 
portion of any virtual track 234 lie on an area of disc 106 that is outside the pre- 

20 written servo sectors 202. 

The general method for establishing the compensation values Ar used to 
form the compensation equation is illustrated in the flowchart of FIG. 10. At 
step 250, the head 120 is positioned at a fixed radial position relative to axis of 
rotation 232 of disc 106, The radial position of head 120 can be at any radial 

25 position where the pre-written servo sectors 202 can be read, such as an outer 
diameter OD ? a middle diameter MD, or an inner diameter ID, of disc 106 as 
shown in FIG. 7. In disc drive 100, head 120 can be maintained proximate outer 
diameter OD of disc 1 06 by forcing track accessing arm 116 against a crash stop 
(not shown). Alternatively, if the servo control loop 208 remains closed, a servo 
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controller 210 (FIG. 8) having a low gain could be used to maintain head 120 at 
the desired radial location. In a spin-stand 130, the head 120 can typically be 
fixedly positioned relative to disc 106 using a constant control signal. 

As discussed above with reference to FIG. 6, head 120 produces an 

5 output signal relating to the servo information contained in the pre-written servo 
sectors 202, which form servo tracks 204 on disc 106. The output signal is 
converted by demodulator 214 into a head position signal on path 220 of the 
servo control loop 208. The head position signal is then compared to a constant 
reference signal at summation junction 216 to produce the PES on path 224. The 

10 method illustrated in FIG. 10 continues at step 252 by measuring the PES that is 
produced on path 224. The measurement of the PES at step 252 is at least 
measured at the first harmonic or spindle frequency of disc drive 100 or spin- 
stand 130, but can also be measured at higher harmonics of the spindle 
frequency. The measured PES relates to the RRO caused by the eccentricity 

15 between the pre- written servo tracks 204 and the axis of rotation of disc 106 and 
will comprise position error values at each servo track 202 that can be used to 
offset the large RRO in the servo control loop such that head 120 can follow 
virtual tracks 234 that are concentric with axis of rotation 232 of disc 106. The 
compensation values Ar are set in accordance with the position error values of 

20 the PES, at step 254. Finally, at step 256, the compensation equation is formed 
using the compensation values Ar. The compensation equation could be formed 
of the discrete measured compensation values Ar (Equation 1) or a continuous 
periodic equation can be formed using the compensation values Ar, as 
mentioned above. Other methods can also be used to establish the desired 

25 virtual tracks 234, such as, for example, feed-forward cancellation techniques 
and zero acceleration path (ZAP) methods. 

Disc drive 100, shown in FIGS. 1 and 1.1, typically includes a stack of 
discs 106, all of which are mounted to spindle 104. Each of the discs 106 
includes the above-described pre-written servo tracks 204 and one or two 
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corresponding heads 120 that are adapted to perform reading and writing 
operations on their respective disc 106. Each of the heads 120 are mounted to 
actuator assembly 1 10, as shown in FIG. 1.1, such that the relative position of 
the heads 120 remains fixed. In one embodiment of the present invention, a 

5 compensation equation is formed for each head 120 such that servo control loop 
controls each head to follow virtual tracks that are concentric to the axis of 
rotation of the respective disc 106, as in the manner described above. 

It is desirable to configure disc drive 100 to operate in a "cylinder" mode 
where respective virtual tracks of each head are vertically aligned with each 

10 other to increase switching efficiency and performance. An example of disc 
drive 100 operating in a cylinder mode will be described with reference to FIG. 
1.1. Here, while a first head 1 20. 1 is tracking a virtual track 234.1 that is 
identified in the servo control loop as, for example, virtual track one thousand, a 
second head 120.2 is positioned over a virtual track 234.2 that is also identified 

15 as virtual track one thousand. Thus, when operating in this mode, disc drive 100 
does not need to move second head 120.2 when switching from first head 120.1 
provided that the particular virtual track number that is to be followed has not 
changed. As a result, disc drive 100 is able to switch between heads 120 quickly 
when operating in this mode. 

20 One embodiment of the present invention is directed to a method of 

correlating the virtual tracks associated with each head/disc combination of disc 
drive 100 to facilitate operating disc drive 100 in a cylinder mode. This can be 
accomplished using the method illustrated in FIG. 1 1. At step 258, a 
compensation equation is formed for each head 120 of disc drive 100 using any 

25 of the aforementioned methods. At step 260, while maintaining the heads 120 in 
a fixed relation, measure a reference position of each head at the corresponding 
index sector 207 (FIG. 7). At step 262, the measured reference positions are 
used as the location of a reference virtual track for each head 120, from which 
all of the other virtual tracks 234 are established. In this manner, disc drive 100 
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can switch between heads 120 positioned at the same virtual track 234 without 
having to adjust their position, and therefore operate in cylinder mode. 

Since each disc 106 of a disc drive 100 is mounted to spindle 104 after 
the servo sectors 202 have been written, the angular position of the index sectors 

5 207 of the discs 1 06 will be misaligned. This can be taken into account by 

establishing the relative angular positions of the index sectors 207 for each disc 
106 of disc drive 100 with respect to a reference location or index sector. This 
can be desirable to establish the proper timing for writing to the surfaces of discs 
1 06 to avoid writing data in the wrong location within a virtual data track when 

1 0 switching between heads 120. 

In summary, the present invention relates to repeatable runout (RRO) 
compensation of servo control systems used in disc drives 100 and spin-stands 
130. One embodiment of the invention is directed toward a servo control loop 
236 that includes compensation circuitry 238 having a compensation signal that 

15 is generated based upon a compensation equation. The compensation signal 

represents RRO caused by eccentricity between pre-written servo tracks 220 and 
an axis of rotation 232 of a disc 106 on which they are written. The 
compensation signal is injected into the servo control loop 236 to compensate 
the RRO. 

20 Another embodiment of the invention is directed toward a method of 

compensating RRO in a servo control loop 236 that is related to eccentricity 
between pre-written servo tracks 204 on a disc 106 and a path 228 followed by a 
head 120 that is concentric with an axis of rotation 232 of the disc 106. In the 
method, shown in FIG. 9, a compensation equation is formed that represents the 

25 RRO (step 244). A compensation signal is generated based upon the 

compensation signal (step 246). The compensation signal is injected into the 
servo control loop 232 to cancel the RRO and cause the head 120 to follow a 
virtual track 234 that is concentric with the axis of rotation 232 of a disc 106 
(step 248). 
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It is to be understood that even though numerous characteristics and 
advantages of various embodiments of the invention have been set forth in the 
foregoing description, together with details of the structure and function of 
various embodiments of the invention, this disclosure is illustrative only, and 

5 changes may be made in detail, especially in matters of structure and 

arrangement of parts within the principles of the present invention to the full 
extent indicated by the broad general meaning of the terms in which the 
appended claims are expressed. For example, the particular elements may vary 
depending on the particular application for the various embodiments of the 

10 invention while maintaining substantially the same functionality without 
departing from the scope and spirit of the present invention. Furthermore, 
additional features and benefits will be made apparent in view of the figures. 



